Abstract A portable rms digital voltmeter (DVM) has been developed at NBS to support vibration measurements over the ranges of 0.1 to 50 Hz and 2 mV to 10 V. A self-contained calibrator provides for self-calibration and may be used for calibrating other VLF voltmeters. The calibrator basically consists of a Kelvin-Varley divider fed by a reference voltage (either dc or sinewave generated by a ROM-DAC combination) A multijunction thermal converter (MJTC) was selected as the sensing device in the rms/dc converter of the DVM since its low ac/dc difference facilitates calibration of the ac calibrator. Factors Manuscript received February 20, 1978. This work was supported in part by the Calibration Coordination Group of the Department of Defense.
C ALIBRATED vibration transducers (accelerometeramplifier systems) are required in calibration laboratories and test facilities to determine the acceleration of vibration exciters, tables and fixtures. At very-low frequencies (VLF's), particularly below 10 Hz, the major source of error in calibrating these transducers (both reference standards and test items) has been the error in measuring the output voltage from the transducer [1] , [2] . This is because the measurement error of the few commercial voltmeters (that measure VLF's) ranges from a few tenths of a percent to over 1 percent, depending upon the voltage and frequency. Furthermore The author is with the Electricity Division, National Bureau of Standards, Washington, DC 20234. ' The design was later modified to extend the range to 0. for the calibration of other voltmeters. In addition, the calibrator facilitates transfer measurements. The accuracy objective for the voltmeter was 0.1 percent of reading above 2 Hz and 5 mV and 0.25 percent of reading for lower frequencies and voltages. As explained in the next section, the minimum response time obtainable in rms voltmeters is directly proportional to the period of the input voltage. Commercial rms DVM's require 15-20 periods for a response to within + 0.1 percent of the input change. This extrapolates to 150-200 s for 0.1 Hz. Since slow response limits an instrument's usefulness, the design objective also was to decrease the response time below these figures as much as was practicable.
II. RMS VOLTMETER DESIGN
A. Design Considerations
The rms voltmeter designed for this instrument follows the conventional approach shown in Fig. 1 . In describing the operation of this circuit and the following circuits, rms and instantaneous values will be represented by upper (1) Ifthe amplifier gain is G and EO/Ea = 1, then Eo = Ea = GE i. For accurate measurement of E,, the voltmeter reading should be EO/G; however, the dc DVM responds to Ed, (since it is average-responding) and displays the value Ed, /G. Therefore, it is seen from (1) 2) RMS/DC Converter:4 a) General description: The rms/dc converter in this instrument (Fig. 2) is a feedback type, employing a differen- 4 Bibliographies on rms/dc converters may be found in [3] and [4] . [7] , [8] .
This effect can be removed by placing a squaring amplifier between pointsfand h [8] , [9] , or by linearizing the converter circuit using circuit SR, as shown in Fig. 2 (Fig. 2) ' The MJTC is described in [5] . Differential MJTC's have been used previously in rms/dc feedback converters operating above 50 Hz [6] . 6 The ac/dc difference is defined as 6 =(Q -Qd)/Qd where Q. and Qd are the ac and dc inputs which produce the same thermal converter output (dc component only). allocated error budget. At 1 Hz, 6(5 < 10 ppm and decreases to zero below 10 Hz. The ac/dc difference from other causes (such as Thompson and Peltier effects) is less than 1 ppm up to 10 kHz [10] , [11] , and is expected to be constant over the voltmeter's frequency range.
The rms/dc converter has essentially the same ac/dc difference as the MJTC if its output ripple is negligible (maximum filtering used). Consequently, the ac/dc difference of the rms voltmeter (input applied to the TC DIRECT terminals) changes less than 10 ppm from 1 to 10 Hz and is negligible above 10 Hz. This voltmeter characteristic is very useful in calibrating the ac calibrator.
In the following discussions, each section of the differential MJTC is treated as a device with a single time constant, represented by the 0-63 percent step response. The MJTC used in this instrument has time constants of approximately 1 s for each section, represented by the symbol T For input frequencies sufficiently high that negligible temperature variation of the thermal converter heater occurs during a cycle (because of the heater thermal time constant), deviation from square-law response has no effect on 6 and the ac/dc difference is very small. At very-low frequencies (VLF's), the heater temperature varies with instantaneous input power and external filtering is necessary to smooth the output voltage. Lack of square-law response now increases 6 . It is shown in Appendix I that the lowfrequency ac/dc difference of a thermal converter (TC), caused by lack of square-law response, is e1(t) = Be'(t)/(1 + T,P) (5) and e2(t) = Be2(t)/(1 + T1P) (6) where p _ d/dt and B is a dimensional constant defined earlier (see statement following (3)).
d) Accuracy and response time: Since it is most difficult to meet the accuracy and response time objectives at the lowest frequencies, the converter design requirements will be examined at 0.1 Hz. The transfer characteristics for the circuit of Fig. 2 are derived in Appendix II-A for the critically damped and overdamped cases. These cases correspond to circuit conditions of w) = b2 and _)2 < b2, where b-=1IT coo _Bk2/Tz RC, R is the MJTC output resistance, and C is the integrating capacitance. The response of the critically damped circuit to an input (Fig. 3) , matched to the resistance of heater H1, reduces bm in two ways: 1) It minimizes the dependence of input power on small cyclic resistance changes [10] which decreases b', and 2) it reduces 6m by decreasing I to a full-scale value of 2.5 mA (rated current for the MJTC is 5 mA). The value of b' should be specified so that 6m < 0.1 percent for m = 1. For the MJTC used in this instrument, m is approximately 0.6 and 0.1 at 0.1 and 1 Hz, respectively.
Therefore, 6,m < 0.04 percent at 0.1 Hz and causes and equivalent error in rms/dc conversion, which is within the eo(t)ss, (I-
where X b2/(b2 + 4wo2) and w 2Tf
The second term of (8) The attenuation factor of the LP filter (sections R7-C2 and R8-C3) is'0 4co2 + a2 a2 (11) 8 The second term of (8) and (10) corresponds to the second term of (1). 9 A long-range program is underway at NBS to develop an all-digital system for measuring and analyzing VLF waveforms in time periods approaching the theoretical minimum. 10 Attenuation factor is defined here as the reciprocal of the transfer characteristic.
where cx 1/(R7)(C2) = 1/(R8)(C3). As indicatedin Appendix II-B2, a maximum ripple attenuation factor of 11.7 is required in the LP filter atf = 0.125 Hz (ripple frequency = 2f). This corresponds to a = 0.48. Larger a (smaller time constants) are used for f> 0.5 Hz.
The ripple error compensating circuit consists of Qi, R5, R6, and CR2. This circuit compensates for rms/dc conversion error (from excessive ripple er) by injecting a positive charge on C2 during the positive half cycles of er. The amplitude of e, is proportional to EdC. Therefore, because of the nonlinear V -I characteristic of diodes, CR2 presents an increasing impedance to ripple as EdC decreases. This effect is compensated by Ql which is biased so that its drain-source resistance decreases as EdC decreases. The compensating circuit reduces conversion error at the lowest frequencies to well below the 0.05-percent objective.
In addition to functioning as an active filter, AR3 serves to amplify EdC to the 4-10 V level required for the dc DVM. The overall temperature coefficient of the rms DVM is compensated to within + 0.015 percent/°C by using a Sensistor in the feedback circuit of AR3.
5) DC Digital Voltmeter: The dc digital voltmeter consists of a voltage-to-frequency (V/F) converter and a frequency counter with digital display. The V/F converter has an input voltage range of 0 to 10 V (only the 4-10 V range is used) and a transfer characteristic of 1000 Hz/V. Since the number displayed by the frequency counter must be proportional to the input voltage, the pulse rate output of the V/F converter is effectively scaled inversely to the gain (scaling) of the input amplifier and the integration period (either 1 or 10 s). This is accomplished by pulse rate scaling of 1, 2, and 5 (using a counter) and decimal point selection. The ripple attenuation factor (versus frequency) of the integrating dc DVM, and its effective response time are given in Appendix II-B2.
III. CALIBRATOR DESIGN The error budget for the rms DVM allocated 0.03 percent for calibration errors. Since up to 0.01 percent calibration uncertainty results from lack of resolution in the displayed voltage, 0.02 percent was the accuracy objective for the ac calibrator.
The voltage calibrator consists of a compact 7-digit Kelvin-Varley (K-V) divider fed by a reference voltage of 1 V (either ac or dc) and buffered at its output by a voltage follower with selectable gains of 1 and 10. The frequency response of the K-V divider (set to all fives) and buffer amplifier is flat to within 0.005 percent through 50 Hz. The measured nonlinearity of the K-V divider is 0.005 percent for a dial setting of 0020000 (2-mV output), decreasing to 0.002 percent or less at 1000000 and above. The 1-V dc reference is derived from a precision 10-V reference supply.
The ac (sinewave) reference is shown in Fig. 4 . The sinewave is generated by a 7-bit counter-ROM-DAC combination so that 128 input pulses are required per sinewave cycle. The necessary input frequencies are obtained using a clock frequency of 6400 Hz and scaling it 5, 25, 50, 100, 250, and 500 times using a series of counters. The amplifier is designed to have an output of 1-V rms and sufficient filtering to reduce the contribution of all harmonics generated by the digital-to-analog converter (DAC) to less than 20 ppm.
Capacitances C., Cb, --are chosen so that capacitance x frequency = a constant (to within 0.2 percent). Therefore, attenuation of the fundamental and harmonic components remains constant for all calibrator frequencies. Also, the phase shifts of the harmonics are essentially the same for all calibration frequencies. The circuit was designed to have a small output amplitude sensitivity to a change in capacitance or frequency and is approximately 27 ppm per percent change.
The flatness (constancy) of the ac calibrator voltage with frequency was determined by using the ac voltmeter (input connected to the TC DIRECT terminals) to measure 1, 2, 10, and 50-Hz calibration voltages at the 5-V level. The voltage indications for 1, 2, and 10 Hz fell within a 20 ppm range; however, each reading had an uncertainty of20 ppm because of lack of resolution. As described earlier, the change in the ac/dc difference ofthe voltmeter over this range is < 10 ppm. Therefore, the worst case difference between the 1, 2, and 10-Hz calibration voltages is 70 ppm. The voltage indication for 50 Hz was 40 ppm less than for 10 Hz, probably because of the finite risetimes and small glitches between steps in the DAC output. Since the range of measured amplitudes for 1, 2, and 10 Hz was less than 70 ppm, these factors evidently have little effect on the calibrator output in this frequency range. More important, there is no reason to believe that these factors or any others have a more adverse effect from 0.1 to 1 Hz than in the 1-10 Hz range. Hence, it is unlikely that the calibration voltages from 0.1 to 10 Hz fall outside a 70 ppm range. Since the ac/dc difference of the ac voltmeter is too large to accurately compare the calibrator voltages from 0.1 to 1 Hz, a special "viewing circuit" developed for another project [12] was used to compare the peak-to-peak values of the calibrator voltages from 0.1 to 10 Hz. The measured values fell within a 38-ppm range, adding confidence to the 70-ppm range assigned above. Basing differences between the rms values of voltages on the differences between the peak-to-peak values appears to be valid since all necessary precautions were taken to insure that the wave shape is the same for all frequencies. The calibration voltage at 50 Hz is easily trimmed (by decreasing C. of Fig. 4 slightly) to be the same as at 10 Hz. Thus since the ac calibrator voltage is essentially independent of frequency, it is sufficient to calibrate it at only one frequency.
The ac calibrator is temperature compensated to within +0.005 percent/'C, using a Sensistor in series with R9 ofthe amplifier. For dc voltages, the calibrator temperature coefficient is within +0.0025 percent/'C (average of both polarities). Calibration and overall accuracy of the calibrator will be discussed in a later section. When the FUNCTION switch is in the MEASURE mode, the instrument functions as a voltmeter and measures voltages applied to the AC IN terminals. The same is true in the CAL-EXT position, except that now the input voltage is also applied to the K-V divider; therefore, this voltage can be multiplied by any factor up to 10 and outputed at the CAL OUT terminals. This mode of operation permits wave shapes and frequencies other than those provided in the intemal calibrator to be used as a reference. With the FUNCTION switch set to either the CAL-INT AC or CAL-INT DC positions, calibration voltages determined by the K-V divider and associated RANGE switch appear at the CAL OUT terminals and are applied to the input of the voltmeter. The calibration voltages are limited to + 10-V dc or 7-V ac. Selection of the calibration frequency is by the CAL FREQ switch. The dc calibrator is intended to be used primarily as a means of calibrating the ac calibrator and is very accurate at 1 V and larger. Offsets in the direct-coupled amplifiers of the voltmeter and calibrator limit the smallest dc voltage at which they can be used with good accuracy to 0.1 V.
Measurement accuracy is determined by the accuracy of the voltmeter when it is used to measure voltages directly. However, measurement accuracy approaches the accuracy of the ac calibrator when the voltmeter is used as a transfer device (i.e., the voltmeter is used to compare the input voltage with the calibrator voltage at the nearest frequency two measurements). For DIRECT input by an external wide band amplifier. For this reason, the current sinks were also diode-coupled to point j V. CONCLUSIONS An rms DVM has been developed for measuring VLF's which represents an improvement of 4 to 5 times over existing equipment with respect to response time and worst case accuracy. Extensive circuit analysis (Appendix II) facilitated the choice and design of the circuits employed.
A self-contained calibrator, providing both ac and dc calibration voltages, is used for 1) calibration ofthe companion DVM, 2) calibration of other very low frequency voltmeters, and 3) very-high accuracy measurements, using the DVM as a transfer instrument. After initial calibration against a laboratory standard, the dc calibrator serves as the basic voltage standard for the instrument. The calibration of the ac calibrator is based on three methods: a) the transfer of the dc calibrator accuracy to the ac calibrator, using the DVM as an ac/dc transfer instrument, b) theoretical considerations, and c) peak-to-peak amplitude measurements.
Theory is developed in Appendix I which relates the ac/dc difference of a TC to its lack of square-law response and the measured output ripple. Using this theory, it is shown that the ac/dc difference of the DVM is less than 10 ppm above 1 Hz but increases rapidly as the frequency is decreased.
Therefore, method a) is used from 1 Hz to 50 Hz and b) below 1 Hz. Method c) is applicable to the entire frequency range and is used as an independent check on the other two methods.
The ac calibrator accuracy is 0. When a low-frequency sinewave is applied to a TC, the ratio m of peak ripple to average output EMF ranges (approximately) from 1 at very low frequencies to zero at high frequencies. Lack of square-law response has no effect on the ac/dc difference 3 (Fig. 2) . Equation (A. 16) now becomes Cp e(t) = e,(t)-e2(t) (A.31) 1+ rCp R Substituting (A.17) into (6) and then (5) and (6) (Fig. 3) (8) .) ACKNOWLEDGMENT The author is grateful to B. A. Bell for helpful suggestions on the manuscript and to F. L. Hermach for helpful discussions on thermal converters.
Abstract The product of the loss ratios of two very small loop antennas, oriented such that their axes coincide, is given approximately by L1 L2 = A(1.5)-2(1 + k2d2)-2(kd)6 where L1 and L2 are the dissipative power loss ratios of the loops, d is the spacing between the loops, and k = 2X/wavelength. A is the insertion loss measured between the ports of the two loops including their matching networks. The loops are assumed to be impedancematched to the generator and to the load, respectively.
A relationship is developed which takes into account the effects of the receiving loop current on the transmitting loop mesh. This makes possible measurements with more closely spaced loops than otherwise, without incurring intolerable errors. The minimum useful spacing depends on the loss ratios, being greater for more efficient antennas. For small antennas with practical loss ratios, the measurements can be made on the laboratory bench or in production test without special antenna test facilities. A more nearly exact field expression due to F. M. Greene is utilized for loops of appreciable size.
I. INTRODUCTION W, tHEN USING loop antennas for signal reception at very high frequencies where receiver noise limits sensitivity, we strive to obtain the greatest available signal power by minimizing the dissipative loss in the loop and its impedance-matching network. Although the loop may be intentionally mismatched to the receiver input for an optimum noise figure, it is useful to be able to measure the efficiency of the antenna when connected to a matched load. For small loops with practical losses, this measurement can be made "on the bench" without an antenna range or special facilities such as the "bear trap" described in [1] .
There are attractions to making these measurements on the bench. The distances used can be small (say less than a foot at 150 MHz). If we use a reasonable receiver as the detector, the field strengths needed are so low that we do not annoy other services in the vicinity. The field strength drops off so rapidly with distance that objects nearby (such as test equipment, people, walls, etc.) may not create reflections strong enough to be annoying. The potential advantages for production testing are obvious.
The sensitivity of receivers with built-in loops can also be measured on the bench. This is done using a transmitting loop whose efficiency has been evaluated using the measurement and calculation procedure described in this paper. The magnetic field due to the transmitting loop in terms ofsignal generator available power, loop efficiency, and distance between transmitting and receiving loops is derived in Appendix A. The receiver sensitivity in terms ofelectric field strength (microvolts per meter) is readily obtained from the magnetic field measurement.
The technique involves making insertion loss measurements in the manner described by Yokoshima [2] . In our approach, however, we take the view that the antennas have been impedance matched to, say, a 50-or 75-Q system. Also, instead of deriving Yokoshima's "loop antenna factor" we derive directly the product ofthe power loss ratios of the two antennas. If the antennas are somewhat mismatched to the system impedance, the losses measured include the mismatch losses.
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